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We report a measurement of the forward-backward asymmetry, AFB, in bb¯ pairs produced in proton-
antiproton collisions and identified by muons from semileptonic b-hadron decays. The event sample is
collected at a center-of-mass energy of
ﬃﬃ
s
p ¼ 1.96 TeV with the CDF II detector and corresponds to
6.9 fb−1 of integrated luminosity. We obtain an integrated asymmetry of AFBðbb¯Þ ¼ ð1.2 0.7Þ% at the
*Deceased.
aVisitor from University of British Columbia, Vancouver, BC V6T 1Z1, Canada.
bVisitor from Istituto Nazionale di Fisica Nucleare, Sezione di Cagliari, 09042 Monserrato (Cagliari), Italy.
cVisitor from University of California Irvine, Irvine, CA 92697, USA.
dVisitor from Institute of Physics, Academy of Sciences of the Czech Republic, 182 21, Czech Republic.
eVisitor from CERN, CH-1211 Geneva, Switzerland.
fVisitor from Cornell University, Ithaca, NY 14853, USA.
gVisitor from University of Cyprus, Nicosia CY-1678, Cyprus.
hVisitor from Office of Science, U.S. Department of Energy, Washington, DC 20585, USA.
iVisitor from University College Dublin, Dublin 4, Ireland.
jVisitor from ETH, 8092 Zürich, Switzerland.
kVisitor from University of Fukui, Fukui City, Fukui Prefecture, Japan 910-0017.
lVisitor from Universidad Iberoamericana, Lomas de Santa Fe, México, C.P. 01219, Distrito Federal.
mVisitor from University of Iowa, Iowa City, IA 52242, USA.
nVisitor from Kinki University, Higashi-Osaka City, Japan 577-8502.
oVisitor from Kansas State University, Manhattan, KS 66506, USA.
pVisitor from Brookhaven National Laboratory, Upton, NY 11973, USA.
qVisitor from Istituto Nazionale di Fisica Nucleare, Sezione di Lecce, Via Arnesano, I-73100 Lecce, Italy.
rVisitor from Queen Mary, University of London, London, E1 4NS, United Kingdom.
sVisitor from University of Melbourne, Victoria 3010, Australia.
tVisitor from Muons, Inc., Batavia, IL 60510, USA.
uVisitor from Nagasaki Institute of Applied Science, Nagasaki 851-0193, Japan.
vVisitor from National Research Nuclear University, Moscow 115409, Russia.
wVisitor from Northwestern University, Evanston, IL 60208, USA.
xVisitor from University of Notre Dame, Notre Dame, IN 46556, USA.
yVisitor from Universidad de Oviedo, E-33007 Oviedo, Spain.
zVisitor from CNRS-IN2P3, Paris, F-75205 France.
aaVisitor from Universidad Tecnica Federico Santa Maria, 110v Valparaiso, Chile.
bbVisitor from Sejong University, Seoul 143-747, Korea.
ccVisitor from The University of Jordan, Amman 11942, Jordan.
ddVisitor from Universite catholique de Louvain, 1348 Louvain-La-Neuve, Belgium.
eeVisitor from University of Zürich, 8006 Zürich, Switzerland.
ffVisitor from Massachusetts General Hospital, Boston, MA 02114 USA.
ggVisitor from Harvard Medical School, Boston, MA 02114 USA.
hhVisitor from Hampton University, Hampton, VA 23668, USA.
iiVisitor from Los Alamos National Laboratory, Los Alamos, NM 87544, USA.
jjVisitor from Università degli Studi di Napoli Federico II, I-80138 Napoli, Italy.
MEASUREMENT OF THE FORWARD-BACKWARD ASYMMETRY … PHYSICAL REVIEW D 93, 112003 (2016)
112003-3
particle level for b-quark pairs with invariant mass, mbb¯, down to 40 GeV=c
2 and measure the dependence
of AFBðbb¯Þ on mbb¯. The results are compatible with expectations from the standard model.
DOI: 10.1103/PhysRevD.93.112003
I. INTRODUCTION
Asymmetries between distributions of heavy quarks and
antiquarks produced in hadron collisions are important for
tests of the standard model (SM) and searches for non-
standard model physics. The asymmetry arises from the
interference of the different amplitudes contributing to the
quark-pair production. Details of the origin of the asym-
metries can be found, e.g., in Refs. [1–3]. An asymmetry in
quark-pair production differing from the SM prediction is
indicative of nonstandard model physics. Two asymmetries
can be defined related to heavy quark pair (QQ¯) produc-
tion, the charge asymmetry, AC, and the forward-backward
asymmetry, AFB, as follows:
AC ¼
NQðcosΘ > 0Þ − NQ¯ðcosΘ > 0Þ
NQðcosΘ > 0Þ þ NQ¯ðcosΘ > 0Þ
; ð1Þ
AFB ¼
NQðcosΘ > 0Þ − NQðcosΘ < 0Þ
NQðcosΘ > 0Þ þ NQðcosΘ < 0Þ
; ð2Þ
where Θ denotes the heavy quark Q (antiquark Q¯) produc-
tion angle in the incident parton-parton rest frame and NQ
(NQ¯) is the number of quarks (antiquarks) produced in the
fiducial range. The parton momentum is taken as parallel to
the incident proton and similarly for the parton from the
antiproton. Under the assumption of CP conservation in
strong interactions, NQ¯ðcosΘ > 0Þ ¼ NQðcosΘ < 0Þ, and
the two asymmetries are equal, AC ¼ AFB.
Proton-antiproton (pp¯) collisions at the Fermilab
Tevatron with the center-of-mass energy of
ﬃﬃ
s
p ¼
1.96 TeV allow for the study of asymmetries in pair
production of top-quarks (tt¯) and bottom-quarks (bb¯).
The first measurement of the forward-backward asymmetry
in tt¯ production was published by the D0 experiment [4].
Later, the CDF experiment reported an indication for a
dependence of the asymmetry on tt¯ invariant mass and
rapidity separation, with larger slopes than predicted by the
SM [5]. The discrepancy prompted significant theoretical
activity, chiefly aimed at calculating predictions in various
nonstandard model scenarios [6,7]. Recent SM estimates of
AFB based on next-to-next-to-leading order (NNLO) quan-
tum chromodynamic (QCD) calculations ease the discrep-
ancy [8,9]. Additional measurements performed by D0 [10]
and CDF [11] are in good agreement with the higher-order
calculations. Similarly good agreement with the SM
prediction is reported by the LHC experiments for the
charge asymmetry in tt¯ production [12–16].
Studying the bb¯ forward-backward asymmetry may
provide additional constraints on nonstandard model phys-
ics scenarios. A CDF measurement of AFB in bb¯ pair
production at high bb¯ mass (mbb¯ > 150 GeV=c
2) gives
results consistent with the SM predictions [17]. The
measurement excludes a model with a 200 GeV=c2 axi-
gluon (gluon with axial coupling [7]), whereas a model
containing a heavier 345 GeV=c2 axigluon is not excluded.
The D0 collaboration has measured the bb¯ forward-
backward asymmetry using reconstructed B mesons
[18]. The result is 3.3σ below the SM prediction evaluated
with MC@NLO+HERWIG[19,20] but consistent with zero
asymmetry. In addition to the Tevatron measurements
performed in pp¯ collisions at
ﬃﬃ
s
p ¼1.96TeV, the LHCb
experiment has measured the bb¯ production charge asym-
metry in pp collisions at
ﬃﬃ
s
p ¼ 7 TeV [21]. The LHCb
result is consistent with the SM expectations.
The study presented in this article investigates AFB in
pp¯ → bb¯X production down to mbb¯¼ 40 GeV=c2. A
muon from semileptonic b-hadron decays is used to
distinguish between b- and b¯-quarks. The fraction of bb¯
events in the data is estimated using a template fit based on
the relative transverse momentum of the muon with respect
to the axis of an associated jet [22] and the invariant mass of
a secondary vertex within a second jet. The background-
subtracted asymmetry is unfolded to particle level, where
“particle level” refers to quantities reconstructed from final-
state particles with lifetimes greater than 10 ps [23]. The
article is structured as follows. Section II briefly describes
the origin of the asymmetry in heavy quark pair production
and the theoretical predictions. In Sec. III, the data sample
and event selection are presented. The determination of the
observed asymmetry from the data is described in Sec. IV.
The backgrounds are investigated in Sec. V. The unfolding
procedure is discussed in Sec. VI. In Sec. VII, the
systematic uncertainties are given. The results are presented
in Sec. VIII.
II. ORIGIN OF PRODUCTION ASYMMETRIES
AND PREDICTIONS
In the SM, the two main strong-interaction pair produc-
tion processes are quark-antiquark annihilation (qq¯ → bb¯)
and gluon fusion (gg → bb¯), neither of which induces an
asymmetry at leading order (LO) in QCD. However, when
higher-order corrections are considered, there are several
sources of asymmetry [1–3]. Radiative corrections to
quark-antiquark annihilation involve either virtual or real
T. AALTONEN et al. PHYSICAL REVIEW D 93, 112003 (2016)
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gluon emission, which leads to an asymmetry due to the
interference of initial- and final-state radiative gluon
processes (giving a negative contribution to AFB) and
interference of processes represented by so-called box
and LO diagrams (giving a positive contribution to AFB)
[1–3]. Interference of different amplitudes in flavor exci-
tation of qþ g processes leads to an asymmetry, but the
contribution is small with respect to the qq¯ contribution
[2,24]. Additional contributions to the asymmetry are
expected from the interference with electroweak (EW)
production processes mediated by Z bosons or virtual
photons, qq¯ → Z=γ → bb¯, which are at the level of
10% [2,25,26]. No asymmetry is expected in gg processes
also at higher orders.
At the Tevatron, bb¯ production occurs predominantly
through gluon-gluon fusion unlike top-quark pair produc-
tion where the dominant production process is qq¯ annihi-
lation. As a consequence, when the full cross section is
considered including contributions from gg, qq¯, and qðq¯Þg
interactions, the integrated asymmetry predicted by the SM
is small. However, it is possible to enrich the sample in the
qq¯→ bb¯ fraction with appropriate selection criteria, which
can lead to a sizable forward-backward asymmetry.
There are several theoretical predictions for AFBðbb¯Þ that
cover the low bb¯ invariant mass region investigated in this
study [2,25,27]. The prediction presented in Ref. [27],
which also includes mixed EW-QCD corrections, is sum-
marized in Table I. Near the Z pole, the SM bottom-quark
asymmetry is maximal because it is dominated by tree-level
exchange of EW gauge bosons. The selection criteria
used in this analysis match the criteria used in [27], except
for the transverse momentum requirement on the b- and b¯-
quark, pTb;b¯: we require particle-level jets to have trans-
verse energy ET > 20 GeV [28], while pTb;b¯ > 15 GeV=c
is used in Ref. [27]. The events with pTb;b¯ < 20 GeV=c can
influence the bb¯ asymmetry at lowmbb¯, that is only the first
bin in Table I, for which the prediction has the highest
uncertainty.
III. THE CDF II DETECTOR
AND EVENT SELECTION
The CDF II detector [29] is a forward-backward and
cylindrically symmetric detector designed to study pp¯
collisions with a center-of-mass energy
ﬃﬃ
s
p ¼ 1.96 TeV
at the Fermilab Tevatron collider. The detector is approx-
imately hermetic over the full angular coverage and is
composed of a series of detectors to determine trajectories
of charged particles embedded in an axial magnetic field of
1.4 T, surrounded by electromagnetic and hadronic calo-
rimeters and muon detectors.
The analysis relies on the full data set collected by the
CDF II detector of pp¯ collision data, but application of a
prescaled online event-selection system (trigger) leads to
the reduction of the integrated luminosity of the sample to
6.9 fb−1. The process pp¯ → bb¯X is analyzed using the so-
called soft-muon technique, i.e., using the muon produced
in the semileptonic decay of a b-quark to distinguish
between b-jets from b- and b¯-quarks. The trigger requires
a muon candidate with transverse momentum pT >
8 GeV=c and pseudorapidity jηj < 0.6 [28]. The offline
selection requires at least two jets with transverse energies
ET > 20 GeV and a muon candidate with pT > 10 GeV=c
inside the cone of one of the jets (muon jet). The other
jet (away jet) is required to be azimuthally opposed
(jΔϕj > 2.8) with jηj < 1.0 and balanced in pT with the
muon jet. The pT balance condition requires that the
difference between transverse momenta of the two jets
does not exceed 60% of the highest of the two. In addition,
both the away and muon jets are identified as b-jets using
two configurations of the secondary-decay-finding algo-
rithm SECVTX [30] and applying the more efficient con-
figuration to the away jet. The algorithm identifies jets that
most likely originate from the fragmentation of a b-quark
by requiring the presence of charged-particle trajectories
(tracks) that form reconstructable vertices significantly
displaced from the vertex of the pp¯ collision. The recon-
structed jet ET [28,31] is corrected for the effects of jet
fragmentation, calorimeter nonuniformities, and multipar-
ticle interactions. Hence, the fiducial region of the meas-
urement is defined by the following requirements: two
azimuthally opposed b-jets, balanced in pT , with jηj <
1.0 and pT > 20 GeV=c, and a muon with pT > 10 GeV=c
and jηj < 0.6 inside the cone of one of the b-jets.
The simulations use a PYTHIA (version 6.2.16 [32]) LO
Monte Carlo di-jet sample enriched in heavy flavor by
requiring a muon with pT > 8 GeV=c and jηj < 1.2. The
mbb¯ distribution in events where a Z or a virtual photon are
produced is modeled by reweighting events from the
PYTHIA Monte Carlo sample using the ratio of the LO
differential cross sections of the QCD and EW processes
computed using MADGRAPH [33] as reported in Ref. [34]. A
10% asymmetry [35] is incorporated into the model of
Z − γ production.
TABLE I. AFB prediction from Ref. [27] for different regions of
bb¯ invariant mass. The integral values for each bin are shown.
The first contribution to the uncertainties on the predictions
comes from neglecting higher-order QCD terms, while the
second comes from varying the factorization and renormalization
scales.
mbb¯ [GeV=c
2] AFBðbb¯Þ½%
35–75 0.19 0.06−0.01þ0.01
75–95 2.49 0.16þ0.52−0.44
95–130 1.44 0.27þ0.16−0.12
> 130 2.14 0.63−0.01þ0.03
Inclusive 0.34 0.08þ0.01−0.00
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For simulated events, the muon and away jets at particle
level are defined in the same way as at the reconstructed
level for real data. In addition we require matching of the
muon and away jets at particle level with opposite-sign
b-quarks using truth information from simulation.
IV. ASYMMETRY MEASUREMENT
The integrated forward-backward asymmetry for bb¯
pair production can be expressed using the difference of
rapidities of the b- and b¯-quarks, Δyb [36], which is
invariant under Lorentz transformations along the beam
axis. For a b-quark from the bb¯ pair moving in the forward
direction, Δyb > 0, and for the backward direction,
Δyb < 0. The asymmetry AFB in terms of Δyb is defined
as follows:
AFB ¼
NðΔyb > 0Þ − NðΔyb < 0Þ
NðΔyb > 0Þ þ NðΔyb < 0Þ
: ð3Þ
In di-jet events, where one of the jets contains a muon, Δyb
is defined as follows:
Δyb ¼ QðμÞðyAJ − yμJÞ; ð4Þ
whereQðμÞ is the charge of the muon, yAJ is the rapidity of
the away jet, and yμJ is the rapidity of the muon jet. Note
that Δyb is positive if a b-quark is accompanied by a
forward muon jet or a b¯-quark by a backward muon jet, i.e.,
Δyb > 0 if the b-quark is in forward direction and,
consequently, Δyb < 0 if the b-quark is in backward
direction.
An unfolding procedure (see Sec. VI) is used to remove
detector effects and infer AFB in bb¯ production at the
particle level. To retrieve the particle-level AFB, the back-
ground is subtracted from the observed distributions, and
the CDF II detector acceptance and resolution are taken
into account. As the sign of Δyb depends on the charge of
the muon, corrections for cascade decays b → c → μ and
B0ðsÞ − B¯
0
ðsÞ mixing are included in the unfolding procedure.
To measure AFB at the particle level as a function of mbb¯,
thembb¯ and Δyb distributions are simultaneously unfolded.
We define a one-dimensional distribution of events divided
into eight bins, two Δyb bins (positive and negative Δyb)
and four mbb¯ bins (½40; 75, ½75; 95, ½95; 130, and
½130;∞ GeV=c2) as shown in Fig. 1, and perform a
one-dimensional unfolding where ∞ stands for the kin-
ematic maximum.
To subtract the background, the fraction of bb¯ events in
data, fbb¯, is estimated in four bins of the reconstructed di-
jet mass of the muon jet and away jet,Mjj. The background
distribution is then obtained by applying the weighting
factor 1 − fbb¯ to the events in each Mjj bin. The fraction
fbb¯ is obtained by determining the b fractions in muon and
away jets using two independent template fits. To extract
the b content of the muon jet, fμJb , we use the distribution
of the component of the momentum of the muon
perpendicular to the jet axis, pT;rel, which tends to peak
at larger values for a b-quark jet than for a c-quark or light-
quark jet as shown in Fig. 2. The templates for the c- and
light-quark jets are nearly indistinguishable. Thus, we
consider only two templates in the fit, b and c templates,
to obtain the fraction of events with the muon arising from a
b-quark jet. To extract the b content of the away jet, fAJb , we
perform a two-template fit to the distribution of secondary
vertex mass, Mvtx [30], of the away jet, using mass
templates for b- and non-b-quark jets. The template for
the non-b-quark jets is created by merging the templates
for the c- and light-quark jets with equal weights, and a
possible uncertainty introduced by this approach is con-
sidered at the systematic uncertainty investigation con-
nected with the fit strategy, where a three-template fit is
considered for the away jet. The peak of the Mvtx
distribution is correlated with the mass of the parton
initiating the jet as shown in Fig. 3. Figures 4 and 5 show
examples of the fits of the pT;rel and Mvtx distributions,
respectively, for the Mjj bin ½95; 130 GeV=c2.
Since the b fractions of the muon and away jets are
obtained from independent fits, we have no information on
their correlation in the di-jet sample. However, if fμJb > f
AJ
b
we can obtain the highest (lowest) value of the bb¯ fraction
by assuming that all non-b-quark muon jets corresponds to
non-b-quark (b-quark) away jets, i.e., fmax
bb¯
¼ fAJb and
fmin
bb¯
¼ fAJb − ð1 − fμJb Þ. We apply an analogous estimate
to the case when fμJb < f
AJ
b . We then estimate the bb¯
fraction in each Mjj bin as the average of the upper and
lower extremes in the bin and set the corresponding
uncertainty to the semidifference between the extremes.
The results are shown in Fig. 6. The systematic uncertain-
ties related to the procedure used to determine fbb¯ in data,
coming from the fit strategy and template shapes, are
summarized in Table II.
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V. BACKGROUND
Three sources of background events are considered,
ordered by relevance: events with at least one light-quark
jet, cc¯ events, and events with a misidentified muon.
The asymmetry contribution from events with at least
one light jet mistagged as a b-jet is checked using data [37].
The obtained asymmetries are consistent with zero.
The cc¯ events are dominantly produced via gluon-gluon
fusion. The fraction of cc¯ pairs produced by qq¯ annihilation
that give rise to AFB is smaller than in the bb¯ case.
Therefore no asymmetry is assumed to arise from cc¯
production.
In events with misidentified muons no asymmetry is
expected, as the distribution of the trajectories for mis-
identified muons is uniform as a function of detector solid
angle. Therefore, this background is also treated as
symmetric.
A possible contribution to asymmetry can come from
events where one of the jets is initiated by a b-quark and the
other by a c-quark. However, these events are produced via
quark-gluon interactions, which is suppressed at Tevatron
energies; therefore, they are expected to contribute negli-
gibly to the asymmetry [2,24].
As all sources of background are assumed to give
negligible contribution to bb¯ asymmetry, we treat the
background as symmetric. Nonetheless, we consider a
possible asymmetry coming from background as a sys-
tematic uncertainty.
VI. UNFOLDING
The measured signal distribution, ~b, after background
subtraction, defined as an eight-component vector of event
frequencies corresponding to each of the histogram eight
bins shown in Fig. 1, is related to the underlying particle-
level distribution, ~x, by the relation
~b ¼ SA~x; ð5Þ
where A is a diagonal matrix that describes the acceptance
in each bin of the measured distribution, and the non-
diagonal smearing matrix S describes the migration of
events between bins due to the finite resolution of the CDF
II detector and the reconstruction technique.
The binned data are multiplied by the inverse matrices to
recover the true particle-level distribution from the back-
ground-subtracted one,
~x ¼ A−1S−1~b: ð6Þ
Before applying the acceptance correction, we first
remove the smearing effects of the resolution. To unfold
the distribution using the S matrix, an algorithm based on
the singular-value decomposition (SVD) method is used
[38]. The SVD algorithm decomposes the nondiagonal
smearing matrix S as
S ¼ UΣVT; ð7Þ
where U and V are orthogonal matrices (UTU¼VTV¼1),
and Σ ¼ diagfs1; s2;…; sng is a diagonal matrix of rank n
containing only non-negative entries, called singular values
of S, in decreasing order. The unfolding procedure is then
reduced to the inversion of the diagonal matrix Σ. To avoid
amplifying fluctuations caused by small elements of Σ, we
use an a priori chosen regularization condition, C, defined
in Eq. (8), which maximizes the “smoothness” of the
unfolded distribution by minimizing the second derivative
[38]. Hence, the expression we minimize to obtain the
unfolded distribution ~x0, which approximates the true
distribution ~x, is
ðS ~x0 − ~bÞTB−1ðS ~x0 − ~bÞ þ τðC ~x0ÞTðC ~x0Þ;
where B is the covariance matrix of ~b and τ is the optimal
regularization strength, which is related to the singular
value of the smearing matrix S. As the singular values si are
listed by decreasing absolute value, some index k, called
]2c [GeV/jjM
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FIG. 6. Distribution of bb¯ fraction observed in data as a
function of di-jet invariant mass Mjj. The total uncertainties
(outer bars) include the statistical (inner bars) and systematic
uncertainties.
TABLE II. Systematic and statistical uncertainties related to the
procedure used to determine the bb¯ fraction in data.
Absolute uncertainty of fbb¯½%
Source
Mjj½GeV=c2
40–75 75–95 95–130 > 130
Fit strategy 1.6 0.8 2.2 1.3
Template shape 3.5 3.3 6.4 8.7
Sample size 1.5 2.6 4.1 6.0
Total uncertainty 4.1 4.3 7.9 10.7
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the regularization parameter, exists such that the optimal τ
is given by τ ¼ s2k.
The smearing and acceptance matrices are modeled
using the PYTHIA Monte Carlo sample together with the
model of Z=γ production of bb¯ events. Figure 7 shows the
smearing matrix, which expresses the probability of
observing a mass mreco
bb¯
for a bb¯ pair produced originally
with mass mbb¯.
The smearing matrix is mostly diagonal with small
contributions in the antidiagonal terms. We hypothesize
that the antidiagonal terms originate from events where the
sign of the muon charge changes due to B0ðsÞ − B¯
0
ðsÞ mixing
or cascade b → c→ μ decays. In both these cases the sign
of the muon charge is opposite to that of decaying b-quark,
i.e., the muon incorrectly determines the sign of b- (b¯)-
quark. To support this hypothesis, we present in Fig. 8 the
smearing matrix for events where no B0ðsÞ − B¯
0
ðsÞ mixing or
cascade b→ c → μ decays occurred.
In the unfolded distribution, the mbb¯ bins
½40; 70 GeV=c2 and ½130;∞ GeV=c2 are considered as
the “edge” bins. Therefore, the corresponding elements of
C are −1 rather than −2:
C ¼
0
BBBBBBBBBBBBB@
−1 1 0 0 0 0 0 0
1 −2 1 0 0 0 0 0
0 1 −2 1 0 0 0 0
0 0 1 −1 0 0 0 0
0 0 0 0 −1 1 0 0
0 0 0 0 1 −2 1 0
0 0 0 0 0 1 −2 1
0 0 0 0 0 0 1 −1
1
CCCCCCCCCCCCCA
: ð8Þ
We use the unfolding algorithm ROOUNFOLD [39] with
the regularization parameter k as input. For large k, close to
the rank of the Σ matrix, SVD unfolding is equivalent to
pure matrix inversion. For small k (k ≈ 1), the regulariza-
tion condition is strongly enforced. To determine the best
value of the regularization parameter k, we introduce an
asymmetry into the PYTHIA Monte Carlo sample by
reweighting the selected events. For each mbb¯ bin, three
values of asymmetry around the predicted values are tested
by running 1000 pseudoexperiments for each regularization
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parameter k. After unfolding, the measured asymmetry is
compared with the generated asymmetry as shown at Fig. 9.
For eachmbb¯ bin, only the maximal value of the bias is used
for optimization. The values of the bias are summarized in
Table III. Minimizing the bias from the comparison, k ¼ 4
is chosen as the optimal regularization parameter.
VII. SYSTEMATIC UNCERTAINTIES
The sources of systematic uncertainties considered in
this analysis come from modeling of the geometric and
kinematic acceptance, estimation of the background, and
possible asymmetry of the background. Modeling of the
geometric and kinematic acceptance includes effects of
initial- and final-state radiation (ISR and FSR) and jet-
energy scale (JES). These are estimated by varying ISR,
FSR, and the JES in the simulation. The uncertainty due to
the amount of background is estimated by varying the bb¯
fraction within its uncertainty. The systematic uncertainty
due to a possible asymmetry of the background is estimated
by simulating 1% asymmetries in the background dis-
tributions. The systematic uncertainty due to unfolding
procedure is negligible. The total systematic uncertainties
for different mbb¯ bins are summarized in Table IV.
VIII. RESULTS
In this analysis we measure three asymmetries, the
raw observed asymmetry, which includes effects from
background asymmetries, and detector acceptance and
resolution; the background-subtracted raw bb¯ asymmetry,
which is corrected for asymmetries induced by back-
grounds but not for effects due to detector acceptance
and resolution; and the particle-level asymmetry, which is
corrected for background and detector effects. The first two
asymmetries are shown to demonstrate the effect of the
performed corrections. The results are summarized in
Table V, where the AFB dependence on mbb¯ and the
integrated asymmetry are presented. The final results, with
statistical and systematic uncertainties added in quadrature,
are summarized in the last column. The significant differ-
ence between the raw AFB and the particle-level AFB comes
from the interplay of the unfolding procedure and the small
number of events in the highest mbb¯ bin.
Figure 10 shows the comparison of the results with the
theoretical prediction [27], which is calculated at the parton
level using a different lower threshold for the lowest mbb¯
bin. However, the parton-to-particle corrections of the
theory predictions are expected to be small compared to
the experimental uncertainties. An indication of an increase
as a function of mbb¯ is visible in AFBðbb¯Þ measured at
particle level, with an enhancement around the Z-pole mass
similar to that predicted theoretically. The measured inte-
grated asymmetry of ð1.2 0.7Þ% is consistent with the
SM prediction. The measurement is compared with the SM
TABLE III. Maximum value of bias obtained from comparison
of three measured asymmetries with the generated ones in each
mbb¯ bin. The bias is shown for three different values of the
regularization parameter k used in the unfolding procedure.
Maximal bias [%]
mbb¯½GeV=c2
Total40–75 75–95 95–130 > 130
k ¼ 3 0.08 0.03 0.05 0.04 0.20
k ¼ 4 0.05 0.04 0.04 0.02 0.15
k ¼ 5 0.07 0.04 0.06 0.09 0.26
TABLE IV. Absolute systematic uncertainties of AFB in per-
centage.
Systematic uncertainty of AFBðbb¯Þ½%
mbb¯ [GeV=c
2]
40–75 75–95 95–130 > 130 Integrated
ISR/FSR 0.09 0.07 0.06 0.12 0.05
JES 0.24 0.15 0.02 0.10 0.10
fbb¯ uncert. 0.06 0.06 0.04 0.01 0.04
Background AFB 0.11 0.17 0.27 0.34 0.17
Total 0.29 0.24 0.28 0.37 0.22
TABLE V. Results of the AFB measurements as functions of bb¯
invariant mass. The integral values for each bin are shown.
AFB½%
mbb¯ [GeV=c
2
Observed Background Particle
raw asymmetry subtracted level
(statistical uncertainty only) (stat þ syst)
40–75 0.47 0.49 0.50 0.54 0.83 0.83
75–95 0.55 0.61 0.60 0.70 1.54 0.73
95–130 0.70 0.71 0.83 0.90 0.92 0.87
> 130 0.32 0.91 0.43 1.33 2.08 1.10
Integrated 0.52 0.32 0.58 0.37 1.17 0.71
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FIG. 10. Measured AFBðbb¯Þ as a function of particle-level mbb¯.
The data are compared with the NLO theoretical prediction [27].
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and non-SM predictions in Ref. [27], where the models
with a 100 GeV=c2 axigluon are disfavored.
IX. CONCLUSIONS
We present a measurement of the forward-backward
asymmetry in the production of bb¯ pairs in proton-
antiproton collisions at
ﬃﬃ
s
p ¼ 1.96 TeV using a sample
from 6.9 fb−1 of integrated luminosity collected by the
CDF II detector. The measured value of the integrated
asymmetry is AFBðbb¯Þ ¼ ð1.2 0.7Þ%. In addition, the
dependence of the asymmetry AFB on bb¯-pair invariant
mass, mbb¯, is measured. A tendency for an increase of
AFBðbb¯Þ with mbb¯ invariant mass is observed. The exper-
imental value of AFBðbb¯Þ around the Z boson mass
follows the theoretical expectation that predicts a local
increase due to the contribution of electroweak processes
[27]. This result is consistent with SM expectations and
extends previous findings [17] to mbb¯ values down
to 40 GeV=c2.
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